Nickel-based under bump metallization (UBM) has been widely used as a diffusion barrier to prevent the rapid reaction between the Cu conductor and Sn-based solders. In this study, joints with and without solder after heat treatments were employed to evaluate the diffusion behavior of Cu in the 63Sn-37Pb/Ni/Cu/Ti/Si 3 N 4 /Si multilayer structure. The atomic flux of Cu diffused through Ni was evaluated from the concentration profiles of Cu in solder joints. During reflow, the atomic flux of Cu was on the order of 10 15 -10 16 atoms/cm 2 s. However, in the assembly without solder, no Cu was detected on the surface of Ni even after ten cycles of reflow. The diffusion behavior of Cu during heat treatments was studied, and the soldering-process-induced Cu diffusion through Ni metallization was characterized. In addition, the effect of Cu content in the solder near the solder/intermetallic compound (IMC) interface on interfacial reactions between the solder and the Ni/Cu UBM was also discussed. It is evident that the (Cu,Ni) 6 Sn 5 IMC might form as the concentration of Cu in the Sn-Cu-Ni alloy exceeds 0.6 wt.%.
INTRODUCTION
Flip-chip technology has been used since the 1960s.
1 A thin Cr/Cu multilayer with a phased-in microstructure acting as an under bump metallization (UBM) was widely used in this technology.
2 However, the Cu-based UBM has been found to be incompatible with the SnPb solder or high melting point solders because of the rapid reaction between Sn and Cu and the spalling effect of the Cu-Sn intermetallic compound (IMC). 3, 4 The Ni-based UBMs, such as electroplated Ni and electroless Ni (EN) layers, exhibit low reaction rates with Sn and have attracted a great deal of research attention.
5-10 Ho et al. studied the effect of Au on interfacial reaction between solders and Au/Ni UBM. 5, 6 The process of manufacturing the solder/EN/Cu solder bump was discussed by Lin and Liu. 7 The metallurgical reactions between solders and Ni-based UBM were also investigated.
8-11
Copper metallization is widely used as the conductor material in flip-chip interconnects because of its excellent conductivity.
12 Recently, the effect of Ni thickness and reflow times on the interfacial reactions between PbSn solder and the Ni/Cu UBM was reported. 13, 14 The phase transformation of IMCs and related phase-equilibrium behaviors were also discussed. The importance of Cu diffusion on the interfacial reaction was revealed. The aim of this study is to investigate the diffusion behavior of Cu between the SnPb solder and Ni/Cu UBM during heat treatments. Both 63Sn-37Pb/Ni/Cu/Ti/Si 3 N 4 /Si and Ni/Cu/Ti/ Si 3 N 4 /Si multilayer structures were used. Titanium played the role of the adhesion layer, Cu was the conductor, while Ni acted as the wetting layer and diffusion barrier. In analyzing the concentration profiles of Cu in joints after reflows and a high-temperature storage (HTS) test, the diffusion behavior of Cu was revealed. In addition, the correlation between Cu contents in the solder near the solder/IMC interface and IMC formation was investigated and discussed.
EXPERIMENTAL PROCEDURES
A multilayer thin film was used as the UBM structure in this study, as shown in Fig. 1 . The top metal on the Si wafer was Cu, which acted as an interconnection line. A thin adhesion layer with a thickness of 1,000 Å was sputtered Ti. Sputtered Cu of 5,000 Å was then deposited on the Ti as an electroplating seed layer. Copper, 5 µm, was further electroplated on the metallized seed layer. Electroplated Ni, 3 µm, was then deposited on the top of electroplated Cu. The eutectic-SnPb solder bump was eventually electroplated onto the multilayer UBM. All metal films were deposited consecutively without breaking vacuum. For comparison, samples without SnPb solder were also prepared.
Reflows were conducted in an infrared solder reflow oven for one to ten times. The peak temperature and dwell time during reflow were 225°C and 70 sec, respectively. As the heating temperature was above the eutectic temperature of the SnPb solder, the molten solder reacted with the solid-state Ni/Cu UBM. In the HTS test, bumps after only one reflow were employed for aging at 150°C for 1,000 h. During the HTS test, the interfacial reactions occurred at the solid/solid interfaces.
The Si dices were first cold-mounted in epoxy and then sectioned by using a slow speed diamond saw. The cross-sectional samples were ground and polished for interfacial analysis. The interfacial morphologies between the SnPb solder and UBM were analyzed with a field-emission scanning electron microscope (JSM-6500F, JEOL, Tokyo). The thickness of the IMC and metallization were measured and averaged for at least ten bumps in each condition after light etching. The compositions of phases in the solder joints and elemental distribution across the joint interface were quantitatively measured with an electron probe microanalyzer (EPMA, JXA-8800M, JEOL) with the aid of a ZAF program.
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RESULTS AND DISCUSSION
Interfacial Reaction between the SnPb Solder and Ni/Cu UBM during Heat Treatments
The interfacial products formed between the SnPb solder and Ni/Cu UBM during one and ten reflow times and the HTS test were quite distinct, as shown in Figs. 2-4 , respectively. After the first cycle of reflow, only one layered-type (Ni,Cu) 3 Sn 4 IMC less than 1 µm in thickness was detected at the interface of the SnPb solder and Ni/Cu UBM, as indicated in Fig. 2a . The composition of the (Ni,Cu) 3 Sn 4 IMC was homogeneous and was (Ni 0.91 ,Cu 0.09 ) 3 Sn 4 . After more than three reflow times, a new (Cu,Ni) 6 Sn 5 IMC with an islandlike shape formed on the top of the layered-type (Ni,Cu) 3 Sn 4 IMC. The average size of this IMC was 2-3 µm, as shown in Fig. 3a . Compared with Figs. 2a and 3a, the growth of (Ni,Cu) 3 Sn 4 was limited, and the size of (Ni,Cu) 3 Sn 4 was still about 1 µm even after ten reflows. However, the composition variation in the (Ni 1-x ,Cu x ) 3 Sn 4 IMC was revealed, and the value of x varied from 0.09 to 0.35 during reflow. The Cu contents in the (Ni 1-x , Cu x ) 3 Sn 4 IMC increased with decreasing distance between (Ni,Cu) 3 Sn 4 and the (Cu,Ni) 6 Sn 5 IMC. With respect to the joints after the HTS test, only the (Ni,Cu) 3 Sn 4 IMC was found between the solder and UBM, as indicated in Fig. 4a . Both the thickness of the IMC and Cu content in the IMC increased as compared to that after only one reflow. The thickness of the (Ni,Cu) 3 Sn 4 IMC increased to 3-4 µm, and the composition of the IMC was approximately 
